At the fractured tip of thin foil metals, heavy deformation takes place. At this heavily deformed region, vacancies play an important role. In Al-Pb alloy, lead precipitates are separated into small particles which are considered to be a result of enhanced diffusion by excess vacancies. The production source for these vacancies is considered to be internal nanocracks. In order to test this hypothesis, voids were searched in thin foil aluminum and gold, and void formation was confirmed in gold. It is considered that nanocracks not only become nuclei of voids but also contribute to the growth of voids by glide motion. The ''Nanocrack fragment'' model was proposed in order to account for the slide motion of nanocracks.
Introduction
At the fractured tip of thin foil metals, heavy deformation takes place. Satoh et al. revealed that the amount of strain is more than 10 (1000%) by measuring the elongation of lead precipitates in Al-Pb alloy. 1) At this heavily deformed region, anomalous phenomena can be observed in various kinds of metals. Dislocations are hardly observed; instead a large number of vacancy clusters can be observed. 2) According to the theory of dislocations, vacancies are produced by the motion of screw dislocations which have jogs formed by the intersection of the other screw dislocations. The existence of jogs suppresses the motion of dislocations. Therefore, it is very strange that dislocations with a large number of jogs do not remain at all in the foil.
Kiritani et al. performed systematic experimental studies 3, 4) which revealed that the foil is in a state of high internal stress during tensile deformation. They concluded that the elongation of thin foil metals under high internal tensile stress is not the result of dislocations and proposed the new concept of a ''glide element'' to explain the deformation without dislocation. However, this model predicted that both interstitial atoms and lattice vacancies should be generated whereas experiments found only vacancy clusters. In view of the weaknesses in this model, an alternative mechanism is required to explain why only vacancies are generated during deformation.
In this study, we have paid attention to the behavior of vacancies and vacancy clusters during tensile deformation, and detected the formation of voids in thin foil pure gold. This phenomenon has many implications for the clarification of the deformation mechanism without dislocations in thin foil.
Role of Vacancies during Deformation
In our preliminary experiment using Al-Pb alloy, relevance of vacancies during deformation could be also distracted. When the Al-Pb specimen was fractured at high-speed, the elongated lead precipitates were not in the shape of belts, but rather they were separated into small particles as shown in Fig. 1 . It is considered that the generation of vacancies during deformation enhanced the diffusion of lead atoms.
In considering a role of vacancies, the behavior of voids and bubbles give us important hints. Satoh et al. reported the formation of voids at the interface of silicon precipitates in thin foil Al-Si alloy during tensile deformation. 5) They also observed in-situ tensile deformations and found that the voids elongate along the tensile direction. Arakawa et al. also detected the elongation of helium bubbles introduced by helium ion irradiation before deformation.
6) Such elongation of voids and bubbles without reductions in their diameters can be only explained by the mass transportation of vacancies to voids and bubbles during deformation. This consideration leads to the conclusion that mass transportation of vacancies is proceeding in the matrix during deformation, and that the major defect governing deformation is vacancies.
Then, how the vacancies are produced and transported? The key point is that the abnormal elongation of thin foil occurs just before the fracture. This implies that microscopic cracks (nanocracks) have already been generated before a macroscopic crack appears during deformation. These nanocracks contain vacancies and are believed to be the main source of vacancy production. If this hypothesis is correct, it is not surprising that voids can be formed even in pure metals 
Experimental Procedures
In order to test the above hypothesis, we searched for voids in deformed thin foils of pure metals. Pure aluminum (99.99%) and pure gold (99.99%) was rolled to the thickness of 50 mm. They were annealed and cut to the pieces of 15 mm Â 2 mm. At the middle of the specimen, a notch cut was introduced in order to provide a starting point for the tensile fracture. The specimen piece was set to the tensile specimen holder for electron microscopy. At the tip of the fracture, a heavily deformed thin foil area appears; these areas were observed carefully in order to detect voids.
Results and Discussion
In pure aluminum, voids could not be detected, however in pure gold voids were detected. Figure 2 shows the electron micrograph of voids observed in thin foil pure gold. By comparing two micrographs taken by under focus and over focus, at least 6 voids can be observed. An elongated void can be also observed at the center of the micrograph. The difference between aluminum and gold may be attributed to the difference in the internal tensile stress during low-speed deformation in a tensile specimen holder. Matsukawa et al. reported that in an in-situ experiment using a tensile holder for electron microscopy, the tensile stress did not become very high in aluminum, whereas in gold, the internal stress became very high 7, 8) even under conditions of low-speed deformation. In the case of aluminum, they observed the motion of dislocations at the in-situ experiment. 8) It is considered that these dislocations are supplied from the very thick region of the specimen at which internal dislocation sources can operate. Since the stacking fault energy is higher in aluminum and lower in gold, dislocations tend to dissociate in gold but not in aluminum. Therefore in the case of aluminum, dislocations at the thicker region can reach to the thinner region by changing the direction of the slip, however in the case of gold, dislocations are hardly supplied to the thinner region. The operation of dislocation in aluminum lowers the internal stress, whereas in gold the internal stress becomes very high. Matsukawa et al. found that the elastic strain of thin foil gold reached 14% at its maximum.
7) Under this extremely high elastic strain, nanocracks are likely to be generated. If these internal nanocracks absorb vacancies before they close or develop to macroscopic cracks, voids can nucleate. The detection of voids in pure gold in the present experiment strongly supports the formation of internal nanocracks.
Next, let us consider how the transportation of vacancies inside nanocracks can occur. Figure 3 shows a schematic model where nanocracks are separated by local shear stress. Figure 3(a) shows the generation of a nanocrack, and Fig. 3(b) , a nanocrack is separated to two fragments by local shear stress. We will call these separated parts ''nanocrack fragments''. They can move one dimensionally through the movement of atoms from the neighbouring atomic plane to the vacant site [ Fig. 3(c) ], and contribute to the deformation when they reach the specimen surface [ Fig. 3(d) ]. We can say that fracture and deformation occur simultaneously in this deformation model.
A critical aspect of model validity lies in the feasibility of the separation of nanocracks described in Fig. 3(b) . It is realistic to consider that the initial shape of the nanocrack may not be as in Fig. 3(a) . Instead, the embryo of the nanocrack may not yet have decided which direction to propagate, so that the shape is ambiguously branched (cross branched in this case) as shown in Fig. 4 . Local imbalances in tensile stress depending on the surrounding circumstance will decide the orientation of the separation. Among four different pairs in Fig. 4 which have different orientations from each other, two pairs (I and IV) can glide, however, the 
Under focus
Over focus remaining two pairs (II and III) cannot glide because the applied shear stress is opposite to the direction of the glide to make the specimen deform. These immobile pairs (II and III) are likely to become nuclei of voids. Figure 5 shows, schematically, the production and migration process of nanocrack fragments at the atomic scale in face-centered cubic metals. The plane is the (010) plane. Here, the direction of the tensile stress is [100] (x-direction), and the direction of the thickness is [001] (z-direction). The length of the nanocrack fragment toward [010] (y-direction) is not considered in this figure. This orientation was chosen because the largest elongation was observed in this orientation in the experiment of pure aluminum. Since the large elongation of thin foil is also observed in other orientations, it is considered that this is not the only orientation which can lead to the production of nanocrack fragments. Figure 5(a) shows the initial stage of a nanocrack embryo. When the shear stress occurs through the imbalance of tensile stress, the atoms move in a direction that separates the nanocrack as shown in Fig. 5(b) . Under the shear stress, atoms adjacent to the nanocrack fragments swiftly move to the vacant site. When a pair of nanocrack fragments move apart from each other, a new atomic plane is created in the x-direction. This process is necessary in order to allow the material to become elongated [ Fig. 5(c) ]. At the time of the plane creation, the surrounding lattice is distorted; this was reported by Matsukawa et al. 7) when they observed the disappearance of the equal-thickness fringes during deformation. As the fragments are continuously transported, they finally reach the specimen surfaces [ Fig. 4(d) ]. Vacancies inside the fragments will diffuse at the surface.
The nanocrack fragment model above can reproduce the following experimental results observed in thin foils: (a) high elastic strain, (b) abnormal elongation, (c) void formation, (d) elongation of voids and bubbles and (e) anomalous formation of vacancy clusters. It is considered that most of the vacancy clusters are formed by the collapse of the nanocrack fragments when deformation ceases and the stress is released. Thus the size of the nanocrack fragments can be estimated [001]
[100] x 3) It is considered that only a few vacancies are contained in one atomic plane (x-z plane in Fig. 5) , and since the average number of vacancies contained in one cluster is about 20, it can be estimated that the average length in the y-direction is about 10 atomic distances. The misfit of atomic configuration between the moved array and the matrix may be repaired by the production of small stacking fault tetrahedra, as was observed in the in-situ experiment by Matsukawa et al.
7)

Concluding Remarks
Formation of voids during deformation in pure metal cannot be explained by the theory of dislocations. The conclusion of this work is that the mass production and transportation of vacancies are taking place during deformation under high tensile stress at the transition range between deformation and fracture. The existence of a new type of mobile lattice defect is necessary in order to explain the phenomena, and the nanocrack fragment model can provide a satisfactory explanation. However, the amount of information we have so far about this new type of lattice defect is limited. Further work will be necessary to elucidate it further.
